Background/Aims: Endoplasmic reticulum (ER)-resident proteins with a C-terminal KDEL ERretention sequence are captured in the Golgi apparatus by KDEL receptors (KDELRs). The binding of such proteins to these receptors induces their retrograde transport. Nevertheless, some KDEL proteins, such as Protein Disulfide Isomerases (PDIs), are found at the cell surface. PDIs target disulfide bridges in the extracellular domains of proteins, such as integrins or A Disintegrin And Metalloprotease 17 (ADAM17) leading to changes in the structure and function of these molecules. Integrins become activated and ADAM17 inactivated upon disulfide isomerization. The way that PDIs escape from retrograde transport and reach the plasma membrane remains far from clear. Various mechanisms might exist, depending on whether a local cell surface association or a more global secretion is required. Methods: To get a more detailed insight in the transport of PDIs to the cell surface, methods such as cell surface biotinylation, flow cytometric analysis, immunoprecipitation, fluorescence microscopy as well as labeling of cells with fluorescence labled recombinant PDIA6 was performed. Results: Here, we show that the C-terminal KDEL ER retention sequence is sufficient to prevent secretion of PDIA6 into the extracellular space but is mandatory for its association with the cell surface. The cell surface trafficking of PDIA1, PDIA3, and PDIA6 is dependent on KDELR1, which travels in a dynamic manner to the cell surface. This transport is assumed to result in PDI cell surface association, which differs from PDI inducible secretion into the extracellular space. Distinct PDIs differ in their trafficking properties. Endogenous KDELR1, detectable at the cell surface, might be involved not only in the transport of cell-surface-associated PDIs, but also in their retrieval and internalization from the extracellular space. Conclusion: Beside their ER retention motive PDIs travel to the cell surface. Here they target different proteins to render their function. To escape the ER PDIs travel via various pathways. One of them depends on the
KDEL Receptor 1 Contributes to Cell Surface Association of Protein Disulfide Isomerases
Anne-Kathrin Bartels 
Introduction
The presence of a C-terminal KDEL sequence enables endoplasmic reticulum (ER) resident proteins to be retained within the ER. If such proteins are transported via the classical secretory pathway to the Golgi apparatus, they are recognized by KDEL receptors (KDELR). Because of the acidic conditions within the Golgi apparatus, the KDEL sequence interacts strongly with these receptors [1] . Thus, ligand binding induces the oligomerization of the KDELRs and the activation of retrograde transport to the ER involving the action of protein kinase A, Arf1, and COPI [2] [3] [4] [5] [6] . In the ER, the cargo of the KDELR is released as a result of the increased pH [1] . Four human KDELRs have been described, namely KDELR1, 2, 3a, and 3b [7] [8] [9] , all of which are related to the G-protein-coupled receptors of the plasma membrane [3, [10] [11] [12] . Similar to these G-protein-coupled receptors, they activate G-proteins, which induce their retrograde transport to the ER and/or prime the anterograde transport for incoming cargo. Both pathways are induced by chaperons that travel along the secretory pathway and are captured by the KDELRs [11, 13] . The KDELRs differ in their ligand specificity. Whereas KDELR2, 3a, and 3b preferentially bind to the HDEL sequence, KDELR1 favors the KDEL sequence [9] . Remarkably, ER-resident proteins, including chaperons, such as calreticulin, GRP78 and GRP94, and Protein Disulfide Isomerases (PDIs), such as PDIA1 (PDI), PDIA3 (Erp57), and PDIA6 (Erp5), are found on the cell surface, where they mediate various functions [14] [15] [16] [17] [18] [19] .
Extracellular PDIs are needed for the proper activation of integrins during coagulation [20] [21] [22] [23] [24] [25] , for the conversion of Major Histocompatibility Complex class I chain-related molecules (MIC) A and B to become sensitive for cell surface shedding by metalloproteases [16] , for virus entry [26, 27] , and for the inactivation of a metalloprotease called A Disintegrin And Metalloprotease 17 (ADAM17) [28, 29] . The action of PDIs on ADAM17 has been described in molecular detail [28] . Reduced extracellular PDIs catalyze the isomerization of CXXC motives within the extracellular part of ADAM17, resulting in a structural change in the targeted membrane proximal domain (MPD) of the protease. The MPD, together with a directly C-terminal located, highly conserved "stalk region" called Conserved ADAM seventeeN Interaction Sequence (CANDIS), functions as a molecular switch in the tightly regulated protease and is involved in dimerization, substrate recognition, membrane interaction, and phosphatidylserine (PS) binding [30] [31] [32] [33] [34] [35] . The last-mentioned is translocated to the outer leaflet of the plasma membrane by various stimuli of ADAM17, which, under normal circumstances, is in a resting inactive state, but which can be activated by various stimuli such as thrombin, histamine, lipopolysaccharides, Tumor Necrosis Factor (TNF) α, and growth factors [36, 37] . The binding of PS by the MPD of ADAM17 is thought to locate the catalytic domain close to the membrane in a region in which the cleavage sites of its substrates, such as TNFα, interleukin-(IL-) 6R, and ligands of the Epidermal Growth Factor Receptor [38] , are located [39] [40] [41] [42] . The disulfide switch changes the structure of the MPD such that PS-and ligand-binding is impaired, and hence, the enzymatic activity is abrogated [33] . PDIs, such as PDIA1, PDIA3, and PDIA6, catalyze the disulfide switch and interact with the targeted MPD in a high nanomolar range, thereby allowing not only the specific interaction, but also the unhindered release of the substrate upon catalysis [43] . During the translocation and transmission of ADAM17 through the ER, the MPD is protected against the action of the PDIs by the ER-resident chaperon GRP78 [44] . The catalysis of the disulfide switch in ADAM17 occurs at the cell surface [29] . Nevertheless, the way that the ERresident proteins escape the ER and associate with the cell surface, despite their containing a C-terminal KDEL-retention motive, remains an open question. The work reported here shows that the KDEL sequence of PDIA6 prevents secretion in resting HEK293T cells but is mandatory for its cell surface association. This is because the transport to the cell surface of HEK293T cells is influenced by the KDELR1, but the secretion of PDIs most likely takes another route. In addition to the transport of PDIs to the cell surface, KDELR1 might also be important for the retrieval of ER-resident molecules.
Materials and Methods

Eukaryotic expression constructs of PDIA6 variants
For overexpression of PDIA6 in HEK293T cells, wild-type PDIA6 and PDIA6 without the KDEL sequence was cloned into pcDNA3.1 (Invitrogen, Germany) between NheI und NotI. The C-terminal PCtag was introduced directly in front of the KDEL sequence via the polymerase chain reaction (PCR). In the case of the C-terminal Protein C (PC)-tagged PDIA6 without the KDEL sequence (PDIA6wo), the KDEL sequence was replaced by the PC-tag. The PC-tagged variants were cloned between NheI and NotI. To obtain N-terminal myc-tagged PDIA6 expression constructs, the mature PDIA6 and PDIA6 without KDEL-sequence was cloned into pcDNA3.1 behind the sequence of a signal peptide of IL-6R and the sequence of the myc-tag. The signal peptide and myc-tag were introduced into pcDNA3.1 between NdeI and XbaI. PDIA6 was then introduced via XbaI and NotI.
Cultivation and transfection of HEK293T cells
HEK293T cells were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) (SigmaAldrich, Germany) with 10% (v/v) fetal calf serum (FCS), penicillin (60 mg/L), and streptomycin (100 mg/L) (Sigma-Aldrich, Germany) at 37 °C and 5% CO 2 in a humidified incubator.
For transfection, 2.5 x 10 6 and 0.4 x 10 6 HEK293T cells were seeded in 10-cm culture dishes or 6-well plates, respectively. After 24 hours, a solution of 8 µg DNA and 20 µl polyethylenimine (1 mg/ml, Polysciences, Germany) in 1 ml DMEM or 4 µg DNA and 10 µl polyethylenimine in 200 µl DMEM were added, respectively.
Biotinylation of proteins at the cell surface HEK293T were transfected with the indicated constructs. The cell culture medium was removed for further analysis, and the cells were washed once with PBS at room temperature (pH 7.4) and two times with cold PBS at pH 8. For biotinylation, the cells were incubated in cold biotinylation solution (0.25 mg/ml EZ-Link Sulfo-NHS-LC-Biotin in PBS, pH 8) for 45 minutes. The biotinylation solution was removed, and the cells were washed with stop solution (100 mM glycine in PBS, pH 8) and harvested.
Cell pellets were lysed in lysis buffer/SDS (20 mM Tris, 150 mM NaCl, 2 mM EDTA, 0.5% Triton-X-100 (v/v), 0.1% SDS (w/v), 5% (v/v) Glycerin, 5% (w/v) BSA, cOmplete™ protease inhibitor, pH 7.5) and centrifuged. The clear supernatant was incubated with streptavidin sepharose beads. After incubation, the beads were washed three times with lysis buffer/SDS and three times with lysis buffer/NaCl (20 mM Tris, 500 mM NaCl, 2 mM EDTA, 0.5% (v/v) Triton-X-100, cOmplete™ protease inhibitor, pH 7.5). The bound proteins were analyzed by Western blot.
Precipitation of secreted PDIs from the supernatant
For the precipitation of proteins from the cell culture medium, the cleared cell culture supernatant was divided into two halves. The corresponding antibodies were added (+ab) to one half, whereas the other half was left without any antibody as a control for unspecific binding (-ab). After incubation for 30 minutes, the antibodies were precipitated with Protein A or Protein G beads. The beads were washed five times with PBS, and the bound proteins were analyzed by Western blot. PDIA6 was detected by a rabbit α-PDIA6 antibody (ab83456, Abcam, UK).
Expression and purification of recombinant PDIA6 with and without its KDEL sequence
The coding sequences of PDIA6 with and PDIA6 without its KDEL sequence (PDIA6wo) were cloned into pET28 (Novagen, Germany) between NdeI and NotI restriction sites. Both proteins were expressed and purified as described earlier [43] . In brief, proteins were induced by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside to E. coli BL21 incubated in lysogenic broth medium for 3 hours at 37 °C. Subsequently, Fluorescence labeling of PDIA6 PDIA6 protein in PBS pH 7.4 was fluorescently labeled with a five-times molar excess of DY-490-NHSEster (Dyomics, Germany) overnight at 4 °C. The mixture was then separated by using a Nap5™ column followed by a Nap10™ column (GE Healthcare, Germany) to remove unbound fluorophore. The final protein concentration was determined by absorption at 280 nm by using a NanoDrop (peQLab Biotechnology, Germany). Labeling of PDIA6woKDEL and IL-6 protein was performed in the same manner.
Labeling of HEK293T cells with fluorescence-labeled PDIA6
Cells were seeded in 6-well plates (Sarstedt, Germany) and incubated with 0.5 µM fluorescently labeled PDIA6, PDIA6wo, or IL-6 in FCS-free DMEM (Sigma-Aldrich, Germany) for 3 hours at 37 °C. To block KDEL receptors, KDEL peptide was additionally given in various concentration (2, 5, and 10 µM), as was unlabeled PDIA6 protein. Subsequently, cells were washed with warm PBS at pH 7.4, harvested in cold PBS, and passed into FACS buffer (1% (w/v) BSA in PBS pH 7.4). Flow cytometry was performed on a BD FACS Canto II (BD Biosciences, Germany) to detect protein binding. Data were analyzed with FCS express 3.0 software (BD Biosciences, Germany).
Immunofluorescence microscopy Cells were seeded on coverslips (Sarstedt, Germany) and, after two days of incubation, were washed three times with PBS. They were then incubated with 3 µM fluorescently labeled PDIA6 directly or preincubated with 20 µM KDEL peptide or 10 µM unlabeled PDIA6 to block KDELR binding sites, for 3 hours at 37 °C. To remove unbound protein, cells were washed five times with PBS. Fixation was performed with 4% (w/v) paraformaldehyde for 20 minutes at room temperature followed by three washing steps with PBS. For intracellular staining, cells were permeabilized for 5 minutes with 0.2% (v/v) Saponin (Roth, Germany) in PBS. Saponin at 0.2% (v/v) was further used in every buffer for intracellular staining but was omitted for extracellular staining.
To neutralize free aldehyde groups, cells were incubated with 0.12% (w/v) glycine in PBS for 10 minutes at room temperature. A blocking step was performed with 10% (v/v) FCS in PBS for 1 hour at room temperature. The primary anti-PDIA3 antibody (ab13506, Abcam, UK) and Alexa Fluor 594 conjugated WGA (Thermo Fischer Scientific, USA) were diluted in blocking buffer and added to the cells in a humidified chamber for an incubation time of 1 hour at 4 °C. The cells were washed five times with PBS to remove unbound antibody and afterwards incubated under the same conditions with a fluorescently labeled second antibody (AlexaFluor 594 (Thermo Fischer Scientific, USA)). The coverslips were washed four times with PBS and two times with double-distilled H 2 O. Excess fluid was removed, and the coverslips were mounted on microscope slides (Roth, Gremany) with a mixture of Mowiol (4-88 Reagent Calbiochem, USA) and DABCO (Sigma-Aldrich, Germany) containing DAPI (1 µg/ml). Microscope slides were dried overnight and then examined microscopically (Olympus IX 81 microscope, cLSM FluoView 1000, ObjectiveLens UPLSAPO 60X O NA:1.35, Olympus, Japan). Images were analyzed with Fluoview FV 3000 software (Olympus Life Science, Japan).
Generation of KDELR1 knock-down cells
KDEL receptor 1 knock-down cell lines were generated by using the CRISPR/Cas9 system. The guiding RNA of the gene of interest (kdelr1) was designed by means of tools available at http://crispr.mit.edu/. The exon sequence of the KDELR1 gene was submitted to design primers for target location. The designed primers (Table 1) for the target were ordered from Sigma-Aldrich (Germany).
Table 1. Primers used in this study
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Primers were annealed, phosphorylated with T4 polynucleotid kinase, and cloned into the SapIdigested guideRNA expressing plasmid LeGO-Cas9-iC-puro + cgRNA_SapI [45] . HEK293T cells were transfected, and at 24 hours post-transfection, puromycin (1 µg/ml) was added to the cells, and after an additional 24 hours, the puromycin concentration was increased to 3 µg/ml in order to ensure efficient selection of the transfectants. To generate further monoclonal knock-down lines, cells were singularized in a 96-well plate. After 3 weeks, the resulting colonies were expanded and analyzed by flow cytometry.
Flow cytometric analysis
Flow cytometry was performed to determine the KDELR1 knock-down of clones 3 and 7 compared with the wild-type. The analysis of the cells was executed intracellularly and extracellularly.
To permeabilize cells for intracellular staining, cells were fixed with 4% (w/v) paraformaldehyde in PBS for 20 minutes, followed by washing steps with PBS. Permeabilization was performed with 0.1% (v/v) Saponin in FACS buffer (1% (w/v) BSA in PBS pH 7.4) for 15 minutes. No fixation and permeabilization was carried out for extracellular staining. Cells were incubated with the first antibody, namely anti-KDEL receptor 1 (KR-10) (ab69659, Abcam, UK), for 1 hour on ice. Following washing steps with PBS, the second antibody, namely anti-mouse APC (Dianova, Hamburg), was added to the probes and incubated for 45 minutes on ice in the dark. After being washed with PBS, the cells were examined in a BD FACS Canto II (BD Biosciences, Germany), and the data were analyzed with FCS express 3.0 software (BD Biosciences, Germany).
To analyze the amount of PDIs on the cell surface in the wild-type and KDELR1 knock-down cell lines, flow cytometry analysis was performed with the primary antibodies for PDIA1 (ab137110, Abcam, UK), PDIA3 (ab10287, Abcam, UK), and PDIA6 (PA5-13616, Thermo Fisher Scientific, Germany). As a second antibody, goat anti-rabbit IgG (H+L) bound to Alexa Fluor 488 (A11034, Fisher Scientific, Germany) was used for the three primary antibodies.
Internalization studies
Internalization studies were performed with HEK293T cells stimulated with various inhibitors: Pitstop® 2 (ab120687, Abcam, UK) was used to inhibit the clathrin-dependent pathway, and Genistein (Sigma-Aldrich, Germany) was employed to inhibit the caveolin-dependent pathway. Additionally, cells were treated with DMSO as a control and with phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, Germany) alone or with each inhibitor.
Cells were treated with the indicated concentrations of inhibitors in FCS-free DMEM and incubated for 90 minutes: 25 µM Pitstop® 2, 200 µM Genistein, 100 nM PMA. The amounts of KDELR1 and PDIs on the cell surface were analyzed via flow cytometry.
Results
The KDEL-sequence is needed for cell surface association of PDIA6 PDIA6 is one of the isomerases that are able to catalyze the disulfide switch within ADAM17 [43] . To reach its substrate at the plasma membrane, the isomerase has to escape KDELR-mediated retrograde transport. To gain first insights into the underlying mechanism, wild-type PDIA6 and PDIA6 without its KDEL sequence (PDIA6wo) were overexpressed in HEK293T cells. The expression and secretion either of non-tagged PDIA6 or of N-terminalor C-terminal-tagged PDIA6 were analyzed by Western blotting. The C-terminal PC-tag was inserted directly in front of the KDEL sequence, and the N-terminal myc-tag was inserted between the signal peptide of the IL-6R and the coding sequence of the mature isomerase ( Fig. 1A and 1B) . The overexpression resulted only in minor secretion of the PDIA6 variants that contained the KDEL sequence ( Fig. 1C and 1D ). In contrast, the deletion of KDEL sequence resulted in the release of the PDIA6 into the media (Fig. 1C and 1D ). This finding was observed regardless of whether the isomerase was untagged or was N-or C-terminaltagged. PDIA6 has to be cell surface associated to reach its extracellular targets. Thus, its cell surface association was analyzed by cell surface biotinylation (Fig. 1E -1G ). Overexpression of PDIA6 and its tagged variants resulted in a significant increase in cell surface association. In contrast, all variants without the KDEL sequence (PDIA6wo) showed no or only a minor Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry increase in cell surface association. In the case of the non-tagged PDIA6wo, the amount at the cell surface was comparable with that of non-transfected cells. This indicates that the KDEL sequence is responsible for the cell surface association of PDIA6. The mature sequence of the isomerases was cloned directly behind the coding sequence of the signal peptide of the IL-6R followed by a myc-tag. (C) Western blot of cleared cell culture supernatant of HEK293T cells and the corresponding lysates, after overexpression of PDIA6 and PDIA6wo, either untagged or myc-tagged. In contrast to wild-type PDIA6, PDIA6wo is secreted into the supernatant. (D) This observation was verified by using either N-terminally myc-tagged or C-terminally PCtagged isomerase. After overexpression of the indicated proteins, the supernatants were harvested, cleared, and divided into two halves; Protein G beads were added to both halves, but the antibody only to one half (+ab). The tagged PDIs were precipitated by using antibodies against the respective tags. In the Western blots, PDIA6 was detected by a rabbit α-PDIA6 antibody. (E) The KDEL sequence of PDIA6 is needed for its cell surface association. PDIA6 and PDIA6wo were overexpressed in HEK293T cells. After cell surface biotinylation, the biotinylated proteins were precipitated and analyzed by Western blot with antibodies against PDIA6 and β-actin. (F) Input controls of representative cell surface biotinylation experiment shown in (E). (G) Likewise, N-terminal myc-tagged and C-terminal PC-tagged PDIA6 and PDIA6wo were overexpressed in HEK293T cells. Upon biotinylation of proteins at the cell surface, biotinylated proteins were precipitated and analyzed by Western blot by using α-PDIA6 antibodies and myc-tag-and PC-tagspecific antibodies. As negative control function, β-actin was used, which was detected only in the control lysates. (H) Input controls of the lysates of cell surface biotinylation experiments.
Figures: 1 Figure 1 : 2 PDIA6 and PDIA6wo were expressed, purified, fluorescently labeled, and incubated with HEK293T cells in order to confirm the necessity of the KDEL sequence for the interaction of PDIA6 with cells. After 30 minutes, the cells were washed and analyzed by flow cytometry. The mean fluorescence intensities of the cells incubated with PDIA6 were set to 100%. Fig. 2A shows a bar diagram summarizing the results of three independent experiments. According to earlier experiments, PDIA6wo had a significant lower binding capacity to the cells compared with wild-type PDIA6 ( Fig. 2A and 2B) . As a negative control, human IL-6 was labeled and incubated with the cells, since HEK293T cells do not express the IL-6R and indeed showed much lower fluorescence intensity.
The necessity of the KDEL sequence for cell surface association was verified by the co-incubation of HEK293T cells with fluorescently labeled PDIA6 (0.5 µM) with increasing amounts of KDEL peptide or unlabeled PDIA6 (Fig. 2C and 2D ). The binding of the fluorescently labeled PDIA6 was significantly reduced in the case of co-incubation with unlabeled KDEL peptide or unlabeled PDIA6. This confirms that the KDEL sequence contributes to the cell surface association of PDIA6.
The interaction of the fluorescently labeled PDIA6 was further verified by using immunofluorescence microscopy. The plasma membranes were labeled in red with wheat germ agglutinin (WGA), and the nuclei were stained blue with DAPI. The green fluorescently labeled PDIA6 was located close to the cell surface, partially co-localized with the plasma membrane. A part of the protein seemed to be internalized, since some green dots were seen intracellularly (Fig. 3A) . The staining of cells with PDIA6 was clearly reduced by coincubation with either unlabeled KDEL peptide or unlabeled PDIA6. Evidence of such successful competition strengthens the importance of the KDEL sequence for the interaction of PDIA6 with the cell surface. A co-staining with PDIA3 as a marker of the ER was performed in order to gain insight into whether the intracellular spots were localized in the ER. Since no co-localization of the red-colored ER and the green-colored recombinant PDIA6 was detectable, the retrograde transport of the protein by the KDELRs can be excluded in this setup ( Fig. 3B and 3C ).
The transport of PDIs is influenced by KDELR1
The impact of the KDEL sequence on cell surface association indicates the involvement of KDELRs in transport. In contrast to the other KDELRs, KDELR1 prefers the KDEL sequence over the HDEL sequence [9] . In order to establish this statement, the expression of KDELR1 was down regulated in HEK293T cells. The down regulation was identified by flow cytometry in permeabilized cells and in non-permeabilized cells (Fig. 4A -4C ), because no antibodies adequately detecting the KDELR1 properly in a Western blot analysis were available. In the knock-down cell lines, the KDELR1 expression was down regulated to about 60%: 70% (total: extracellular) in clone 3 and about 40%: 60% (total: extracellular) in clone 7. The fact that only a down regulation and not a complete knock-out of the KDELR1 was achieved, despite the Crisp/CAS9 system being used, might be attributable to the HEK293T cells having multiple chromosome sets and to KDELR1 being essential for survival. Its proper function is needed for the correct folding of secreted proteins and for preventing the accumulation of misfolded protein and ER stress [46] .
If the cell association of the exogenously added PDIA6 is dependent on KDELR1, then the amount of cell-bound PDIA6 should be reduced because of decreased receptor expression. Hence, fluorescently labeled PDIA6, PDIA6wo, and IL-6 were incubated with wild-type cells and the KDELR1 knock-down cell lines. For comparison, the fluorescence of the wild-type HEK293T cells incubated with PDIA6 was set to 100% cell association. Fluorescently labeled IL-6, which served as a negative control, exhibited the lowest cell binding capacity in all three cell lines ( Fig. 4D and 4E ). The labeled PDIA6 showed a reduced cell association in the KDELR1 knock-down cell lines compared with the wild-type cells. PDIA6wo on wild-type cells displayed a reduced cell association, which was comparable with that presented in Fig.  2A . Surprisingly, the association of PDIA6wo was further reduced on KDELR1 knock-down cells. This might be because recombinant PDIA6 exists as a dimer [43] . Hence, PDIA6wo might interact with endogenous PDIs or other interaction partners for which the cell surface presence is influenced by KDELR1. Immunoprecipitation and mass spectrometry might provide evidence supporting this suggestion, but because of the small quantity of interaction and the possibility of multiple interaction partners, this aspect was definitely beyond the scope of the work presented here.
The finding of endogenously expressed KDELR1 at the cell surface strengthens the notion that it is involved in the transport of ER-resident proteins. The effect of down regulated KDELR1 expression on the presence of three different PDIs, namely PDIA1 (PDI), PDIA3 (Erp57), and PDIA6 (Erp5), at the cell surface was tested. Wild-type cells and the two knockdown cell lines (clone 3 and clone 7) were analyzed by flow cytometry. For quantification, the mean fluorescence on wild-type cells was set to 100% cell surface interaction, and the mean fluorescence of the knock-down cell lines and negative control were normalized. Strikingly, both KDELR1 knock-down cell lines showed a reduced cell surface presence of all three endogenously expressed isomerases ( Fig. 4F and 4G ). As the expression of KDELR is only down regulated to 40% -60% in total, a reduction of the tested PDIs by 60 -70% was considered to be efficient.
The transport of the KDELR1 and PDIs to the cell surface is dynamic
To gain first insights into the trafficking of endogenous KDELR1, cells were treated with various compounds that target either secretion or endocytosis. After 1.5 hours, the cells were harvested, and the cell surface presence of KDELR1 and of PDIA1, PDIA3, and PDIA6 was analyzed by flow cytometry. DMSO served as a control. The mean fluorescence intensity of the DMSO-treated samples was used for standardization and set to 100% of the cell surface presence in resting cells. Treatment of the cells with PMA, which has previously been shown to induce the secretion of PDIs into the extracellular space [47, 48] , did not alter the cell surface presence of KDELR1 but decreased that of all three PDIs (Fig. 5A -5E ). Exemplary histograms of flow cytometric measurements are shown in Fig. 5A (for color-coding, see Fig.  5B ). A summary of three independent experiments is presented in Fig. 5C (for significances, see Fig. 5D ). A schematic drawing of the proposed secretion and endocytosis routes of PDIs and KDELR1 is given in Fig. 5E and 5F. Pitstop® 2 and Genistein (GE) treatments were used to inhibit the clathrin-dependent endocytosis or the caveolin-dependent endocytosis, respectively. The amount of KDELR1 was enhanced in both treatments, suggesting internalization via clathrin-and caveolindependent endocytosis. Hence, the cell surface presence of KDELR1 was transient, and trafficking occurred even in unstimulated cells. In contrast, neither Pitstop® 2 nor GE altered PDIA1 at the cell surface in unstimulated cells. Thus, PDIA1 might not be significantly internalized, at least via these two pathways, in resting cells. PDIA3 and PDIA6 appeared to be internalized constitutively via caveolin-dependent endocytosis, since treatment with GE increased their cell surface presence, whereas treatment with Pitstop® 2 did not. The reductive effects of PMA on the cell surface presence of the PDIs were also visible in PMA co-treatments with GE or Pitstop® 2. Detailed examination revealed that PMA probably induced internalization via caveolin-dependent endocytosis. PDIA1 at the cell surface of the GE/PMA co-treated sample exhibited a significantly higher presence compared with that of the solely PMA-treated sample. PDIA6 showed the same tendency, but this was not significant. The amount of PDIA3 on the surface of the Pitstop® 2/ PMA co-treated sample was significantly reduced compared with solely PMA treated cells. Since caveolin-dependent endocytosis was not blocked, the reduction might be attributable to internalization via this pathway. Hence, the reduced amount of PDIA1 and PDIA3 at the surface of solely PMA-treated samples might be the result of enhanced internalization and secretion. Studies of the ratio of secretion and internalization and of the exact internalization pathway should be undertaken in the future, but the presented data clearly indicate that the cell surface presence of KDELR1 is dynamic. Furthermore, the fate and behavior of the cell surface PDIs are not completely uniform but appear to be unique for the single PDIs.
Discussion
ER-resident chaperons and isomerases have diverse functions at the cell surface. However, the way that these proteins, with a C-terminal KDEL sequence, escape the retrograde transport is still far from clear. One mechanism might be that these proteins escape the interaction with the KDELRs. Hence, they can travel along the classical secretory pathway to the cell surface. Their means of escape from the interaction with the KDELRs might differ. A second protein might be involved that masks the KDEL sequence, thereby preventing the interaction with the KDELRs and escorting the protein to the cell surface. Such a scenario has been described for the ER-resident chaperon GRP78, also known as BiP. Two proteins MTJ-1 [49] and Par-4 [50] have the capability to promote the transport of GRP78 to the cell surface. The lectin galectin-9 interacts with O-glycosylated PDIA1 and supports its cell surface association. This interaction promotes typical functions of PDIs at the cell surface such as entry of the human deficiency virus into Th2 cells or migration via β3 integrin [51, 52] .
A second mechanism for overcoming the interaction with the KDELRs might be an overloading of the ER by proteins containing the KDEL sequence. This would lead to the saturation of the KDELRs, and some proteins, although carrying a KDEL sequence, would escape retrieval, pass the secretory pathway, and reach the plasma membrane. Such a scenario would be conceivable in the case of ER stress, where the expression of ER-resident chaperons and isomerases are upregulated [53] [54] [55] and transported to the cell surface and/ or secreted into the extracellular space [18, 56] . The transport and cell surface association of overexpressed PDIA6 variants are probably not attributable to the saturation of the KDELRs, since strong overexpression results in no detectable secretion, even by immunoprecipitation (Fig. 1C and 1D) . Furthermore, the overexpression of PDIA6wo variants leads to secretion but does not favor cell surface association. Hence, a saturation of the KDELRs seems difficult to achieve, and the possibility of escape remains to be established, although the capacity of KDELRs might be variable in different cell types.
An increase in the secretion of ER-resident proteins lacking their C-terminal KDEL sequence has been previously observed [57] [58] [59] [60] . The reduced cell surface association is in contrast to the results of the overexpressed GRP78 without its KDEL sequence (GRP78wo) whose cell surface association is not significantly diminished by the lack of the KDEL sequence [60] . These differences might be attributable to differences in transport. Whereas the transport of PDIA6 depends on its KDEL sequence, GRP78 is transported in a complex with proteins that are thought to mask the KDEL sequence. These interactions of GRP78 might be still possible in the case of a lack of the KDEL sequence. Although some of the GRP78wo might be secreted, some might still be transported in protein complexes. Another reason for the higher cell surface association of GRP78wo might be that it exhibits more interaction partners and/or binds interaction partners with a higher affinity compared with PDIA6wo.
Although the overexpression of PDIA6wo resulted in a diminished cell surface association, exogenously added recombinant PDIA6wo was detected at HEK293T cells by flow cytometry ( Fig. 2A and 2B) . At first glance, this result seems surprisingly, but it is most likely caused by the high concentration of proteins during incubation (0.5 µM corresponding to 24.2 mg/l PDIA6). Such concentrations are unlikely to be achieved by non-optimized overexpression [61, 62] . The fluorescently labeled PDIA6wo binds with 30% lower efficiency than PDIA6 but clearly more strongly than the negative control IL-6. The notable interaction of PDIA6wo indicates additional binding sites in PDIA6, different from the KDEL sequence. Additional binding sites, in addition to the KDEL sequence, have been demonstrated for calreticulin. Here, they retain the chaperon in the secretory pathway. Hence, calreticulin without its KDEL sequence is secreted with a lower efficiency than a classical secreted protein [59] . The cell surface interaction of PDIA6 can be reasonably suggested to depend not only on its KDEL sequence, since extracellular substrates of PDIA6, such as the MICA [16] and ADAM17 [28, 29] , are expressed in HEK293 cells [63] . The latter interacts with PDIA1, PDIA3, and PDIA6 in a high nanomolar range [43] . An increase in cell surface association by lectins, as established for PDIA1 might be, at least for galectin 9, questionable, since HEK293 cells express the lectin only to minor extend [63] .
The association of PDIA6 with the cells was competed by the KDEL peptide, indicating that KDELRs are involved in this process (Fig. 3A) , opening a further pathway to the cell surface via the KDELRs. KDELR1 is involved in the increase in cell surface PDIA1 triggered by Dengue virus infection [64] . The knock-down of KDELR1 strongly indicates that the cell surface trafficking of PDIs also depends on KDELR1 in resting cells (Fig. 4F and 4G ). Our fluorescence images show that exogenously added PDIA6 associates with the cell surface and is internalized (Fig. 3A) . Since endogenous expressed KDELR1 is detectable at the cell surface (Fig. 4A -4C ), one can exclude that the cell surface presence of overexpressed KDELR1 shown in previous reports is an artefact of overexpression [65, 66] . Hence, KDELR1 can transport the cargo to the cell surface but, because of the increase in pH, it is likely to be released. This release probably occurs in specifically targeted micro-domains of the membrane and in its close proximity. Both can support the interaction of PDIA6 with various partners at the cell surface, and this would explain the robust reduction in the cell association of PDIA6wo overexpression.
Exogenously added PDIA6 does not co-localize with the ER upon internalization (Fig.  3A) . This might be attributable to the circumstance that the KDELRs bind their cargos only with low affinity at the cell surface because of the neutral pH. The resulting low affinity binding can allow short-time interactions, but not internalization and retrograde transport to the Golgi apparatus and ER. Alternatively, the KDELRs with their cargo are internalized and transported into compartments different from the ER. We cannot exclude that the KDEL sequence binds to other targets on the cell surface, in addition to the KDELRs. Hence, many more questions remain about the trafficking route of the KDELRs and its cargo and will be an interesting task to solve in future research. This includes the questions regarding the way that the cargos are released at the surface and the kinetics of trafficking.
The cell surface presence of PDIA1, PDIA3, and PDIA6 depends on KDELR1 ( Fig. 4F  and 4G ), although first insights into their trafficking have shown different actions (Fig. 5) . PMA has previously been reported to increase the secretion of isomerases [47, 48] , and as a consequence, the cell surface presence of all three isomerases decreases following PMA treatment. In contrast, the amount of KDELR1 is unaffected. KDELR1 seems to be internalized via clathrin-or caveolin-dependent endocytosis, since treatment with respective inhibitors increases its cell surface presence. In contrast, PDIA3 and PDIA6 are solely internalized out of lipid rafts regions in cells that are not stimulated with PMA. In the case of PDIA1 and PDIA3, PMA appears to increase caveolin-dependent endocytosis via lipid raft regions. None of the analyzed PDIs seems to be endocytosed via clathrin-dependent endocytosis. This first insight into trafficking is only minor and requires further investigations, but it suggests differences in the trafficking of KDELR1 and its cargo supporting the hypothesis that KDELR1 releases its cargo at the cell surface. Differences in trafficking have to be further questioned and might vary under different stimuli and cell types. At least two different pathways for PDIs towards the plasma membrane exist [48, 67] , probably depending on whether the PDIs are to be secreted or associated with the cell surface. Whereas cell surface association is locally restricted at the cell, e.g., by the inactivation of ADAM17 [28, 29] , the activation of integrins [20] [21] [22] [23] [24] [25] or the sensitizing of MICA and MICB for shedding and release from the cell surface, to protect cells from cell death mediated by natural killer cells [16] . Secretion might be a further step for promoting a more global answer, as in coagulation in which PDIs are secreted from various cell types, such as platelets and endothelial cells, to promote a strong and fast response [23-25, 47 , 68, 69] . PDIs are stored in granules for fast release [21, 47, 70, 71] . Such secretion is probably inducible by PMA and bypasses the classic route via the Golgi apparatus as described for TNFα [48] . This independency fits with the PMAinduced reduced cell surface association of the analyzed PDIs and the unaffected cell surface presence of KDELR1. In contrast, the cell surface association might depend on KDELR1, which is most likely a Golgi-dependent transport, since Dengue-virus-induced transport is sensitive to Brefeldin A treatment. In agreement, not only overexpressed KDELRs, but also various chaperons show increased cell surface association during ER stress [18, 60, 65, 66, 72] .
The use and impact of the different routes, the transport to the cell surface via the Golgi apparatus or secretion by vesicles, as well as the transport mechanism through the Golgi apparatus might be different in distinct cell types and environmental conditions. Shedding light on the detailed scenarios will be a challenge. Regarding the transport of the ER resident proteins to the cell surface via the Golgi apparatus at least two ways exist. In one the KDEL sequence is needed for the transport by the KDELR1 and in the second the KDEL sequence is hidden by complex formation. To clarify whether one protein uses always the same mechanism will be an interesting task.
In the case of the KDELR1 in HEK293T cells, simple overexpression was sufficient for its detection at the cell surface [65, 66] . The other three KDELRs, which prefer the HDEL sequence, required ER stress to be detectable at the cell surface [65] . This might be attributable to selectivity. KDELR1 might be mainly involved in the constitutive and probably inducible transport of proteins that contain a KDEL sequence rather than an HDEL sequence. Hence, KDEL-containing proteins are favored for cell surface association rather than proteins carrying an HDEL sequence. Multiple means might exist for transporting isomerases and chaperons to the cell surface. One of these might be KDELR1-dependent, although complex formation seems also to be prevalently used.
Conclusion
PDIs have various functions at the cell surface and travel via diverse pathways. Cell surface associated PDIs act locally on individual cells and probably depend on a Golgidependent pathway coupled to KDELR1. The increase in pH at the cell surface seems to favor their release in close proximity to their special targets. Secretion and a global action might thus be prevented. In contrast, for global actions, such as coagulation, PDIs might be secreted in preformed vesicles in a Golgi-independent way in order to target multiple cells and cell types.
